Food-storing birds, for example, marsh tits, Parus palustris, use memory to retrieve stored food and have a larger hippocampus relative to the rest of the telencephalon than do species that store little or no food such as the blue tit, P. caeruleus.
The difference between food storers and nonstorers in relative hippocampal volume occurs after the young birds have fledged from the nest and is dependent upon some aspect of memory for retrieving caches of stored food. To test whether or not species differences in memory and volumetric changes in the hippocampus could be triggered by experience of memory tasks other than retrieval of stored food, groups of hand-raised marsh tits and blue tits were tested between days 35 and 192 posthatch on a one-trial associative memory task in which they were rewarded in phase II for returning to the feeder where they had eaten part of a peanut 20 min earlier. No species differences were found when the peanut was visible in phase I, but when the peanut was hidden in phase I, marsh tits performed better than blue tits, irrespective of whether or not they had had previous experience of storing and retrieving food. In dissociation trials (transformed array of feeders), marsh tits with food-storing experience responded preferentially to spatial cues, whereas blue tits responded equally to both spatial position and object-specific cues. These species differences are also found in wild-caught adults. However, marsh tits without food-storing experience responded equally to both spatial position and objectspecific cues, which suggests that experience of storing and/or retrieving caches is required in order for marsh tits to develop the spatial preference seen in adult food storers. Both marsh tits with experience of the one-trial associative memory task and those that had also had foodstoring experience had larger relative hippocampal volumes than did controls, independent of age. Of the marsh tits trained on the one-trial associative memory task, there was no difference between those that had had foodstoring experience and those that had not. However, in blue tits, there was no effect of experience on relative hippocampal volume.
No volumetric differences were observed in ectostriatum, which served as a control brain region. The results suggest that some aspect of memory for retrieving food (whether or not stored by the bird) directly influences growth of the hippocampal region in marsh tits, the food-storing species, but not in blue tits, the nonstoring species.
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One of the central questions in neuroscience concerns the relationship between memory and the hippocampus. Although most of the previous studies have been carried out on mammals, Food-storing animals have an accurate, long-lasting memory on which they rely to retrieve their caches of stored food (review in Vander Wall, 1990) . They also have a larger hippocampus (dorsomedial cortex) relative to the rest of the telencephalon than do nonstorers (review in Sherry et al., 1992) . Lesions to this region suggest that the avian hippocampus plays a role in spatial memory, including the memory for cache sites in foodstoring birds (e.g., Krushinskya, 1966; Sherry and Vaccarino, 1987) . These findings have led to the suggestion that food-storers have a specialized memory ability and associated neural substrates in the hippocampus (reviewed by Krebs, 1990; .
In order to test whether or not food-storing species have a memory ability that differs in quality or quantity from that of species which store little if any food, their performance should be compared in a task that does not involve storing food, but that reveals the essential features of memory used by food-storing species to retrieve their hoards. One such task is the "onetrial associative memory" test (Brodbeck et al., 1992; Clayton and Krebs, 1992 ) and the related procedure of "window-shopping" Shettleworth et al., 1990) . In phase 1, the bird searches for and eats part of a peanut located in one of a number of potentially trial-unique sites. In phase 2 the bird's memory performance is tested by allowing it to search for the remainder of the peanut. Accuracy of memory for the location of the partially eaten hidden food is measured by the number of errors (visits to other sites) before finding the peanut: fewer errors implies more accurate performance. The task resembles retrieval of stored food in that it the bird has to return to the rewarded site after a single previous experience of the peanut's location. It differs from food storing in that the bird does not place the peanut in the site and, in phase 2, the bird has to remember a site where it obtained a reward previously rather than a site which contains a reward.
Using this task, the results of a number of studies have suggested that several food-storing species in both the Paridae and Corvidae differ from closely related species that store little or no food in some aspect of spatial memory. For example, Brodbeck (1994) and Clayton and Krebs (1994a) showed that the food-storing species preferentially respond to spatial cues when position and object cues are dissociated by transforming the atray, while the nonstoring species respond equally to both kinds of cue. The results of a second experiment by Clayton and Krebs (1994b) suggested that food-storing species differ from nonstoring species in the way they discriminate between remembered events. When the peanut is hidden in phase I so that the bird has to search for the reward in both phases of a trial (hidden version), the food-storing species preferentially returned to the rewarded site, whereas the nonstoring species preferentially returned to sites that they had visited in phase I, irrespective of whether or not they contained a reward. However, when the reward was visible in phase 1 but hidden in phase II (visible version) and therefore the only class of visited sites is rewarded ones, no species differences in performance were found. These results can also be encompassed within the framework of spatial memory differences by interpreting them as showing that foodstoring species encode spatial information more accurately or in more detail than do species that store little or no food and hence are able to return to the rewarded site, as opposed to the more general class of visited sites.
It has been suggested that the differences between food storers and nonstorers in performance on the above tasks may be a reflection of differences in some aspect of spatial memory and that this may be associated with differences in the two species' relative hippocampal volumes (Clayton and Krebs, 1994b) . A number of experiments have shown that the avian hippocampus, like the rat and primate hippocampus (O'Keefe and Nadel, 1978; Squire, 1993) plays a role in processing and/or storing spatial memory. For example, hippocampal damage has been shown to impair the ability of homing pigeons to navigate home from novel release sites within the familiar area around the loft (Bingman, 1990) retrieval of stored food , spatial discrimination learning and spatial delayed nonmatching to sample (Good and Macphail, 1993) . In contrast, at least some nonspatial tasks, such as color discrimination learning Rice, 1992) , delayed matching to sample with repeated stimuli and delayed nonmatching to sample with trial unique stimuli (Good and Macphail, 1993) are unimpaired by hippocampal damage. Thus, the relatively larger hippocampal volume found in food-storing species is at least consistent with the observed differences in spatial memory.
The difference between food-storing and nonstoring species in hippocampal volume arises at a relatively late stage in development, after the young birds have fledged from the nest (Healy and Krebs, 1993; Healy et al., 1994) and an obvious question is whether or not the species differences in performance on these memory tasks coincide with the increase in the food storer's relative hippocampal volume. Recent work on the dual ontogeny of the hippocampus and food-storing memory in marsh tits, Parus palustris, suggests that the relative increase in hippocampal volume is dependent upon some aspect of the experience of storing and retrieving food caches and that changes in both the behavior and brain can occur rapidly over a period of just 24 d (Clayton, 1992 (Clayton, , 1994 Clayton and Krebs, 1994~) .
Since lesions to the hippocampus disrupt memory-based retrieval but have no effect on food-storing behavior ) the implication from these results is that the volumetric changes in the hippocampus are dependent on memory for cache sites rather than on the ability to store food per se. This raises the question of whether or not the volumetric changes in the hippocampus in marsh tits can be triggered by experience of memory tasks other than retrieval of stored food, such as training on the one-trial associative memory task and if so, whether or not experience-dependent changes could be triggered in the hippocampus of a species that stores little or no food such as the blue tit.
The aim of this study is to compare the ontogeny of memory and the hippocampus in food-storing marsh tits and nonstoring blue tits. The first objective is to test whether the observed differences between adult food-storing and nonstoring species in performance on the one-trial associative memory task are apparent in the juveniles. In order to do this, juvenile marsh tits and blue tits are trained on either the hidden (MH and BH, respectively) or the visible version (MV and BV, respectively) of the test and subsequently given a series of dissociation trials. If the observed behavioral differences between adult food-storing and nonstoring species (Clayton and Krebs, 1994a,b) are apparent in juveniles then there should be no species differences in performance on the visible version but marsh tits should outperform blue tits on the hidden version; and in dissociation trials, marsh tits should prefer to return to the feeder in the correct spatial location whereas blue tits should prefer the correct spatial location on about 50% of trials and the correct feeder on about 50% of trials.
Birds are tested from the time at which they become nutritionally independent (day 35 posthatch) in order to examine whether or not performance on the one-trial associative memory task shows the same gradual increase as memory for retrieving caches of previously stored food. To determine the relative roles of age and food-storing experience the behavioral performance of the two marsh tit groups MH and MV were compared with two additional groups of marsh tits, MSH and MSV, which were given the opportunity to store and retrieve food for 60 d prior to the tests. If experience of food-storing memory is crucial then performance of birds in groups MSH and MSV should differ from those in groups MH and MV whereas if age is the key factor then there should be no difference between groups MSH, MSV, MH, and MV when tested at the same age.
The second objective is to test whether or not the volumetric changes in relative hippocampal size can be triggered by training birds on the one-trial associative memory task rather than by experience of storing and retrieving caches of food. Comparison of the relative hippocampal volumes between the groups of marsh tits tests whether or not the volumetric changes in relative hippocampal size can be triggered by training marsh tits on the one-trial associative memory task rather than by experience of food-storing and retrieval.
Two predictions can be made which follow from the suggestion that food-storing and nonstoring species may differ in some aspect of spatial memory which may be associated with differences in the two species' relative hippocampal volumes (Clayton and Krebs, 1994b) . First, it is predicted that birds with larger relative hippocampal volumes should prefer to return to the correct spatial location in dissociation trials. Second, the relative In order to test whether or not the changes in hippocampal volume can also be detected in a species that does not store food, blue tits that had experience on the one-trial associative memory task are also compared with age controls that lacked this experience. This is particularly important in determining whether or not there is something unique about the hippocampus of a food-storing species and therefore whether or not foodstoring species have an anatomical specialization of the brain which is associated with their memory for cache sites.
Materials and Methods
Birds, groups, and housing conditions.
The subjects were 38 handraised, postfledging juvenile marsh tits, 21 hand-raised, postfledging juvenile blue tits, and 4 wild-caught adult (>l year posthatch) blue tits which were taken from Wytham woods under NCC license. The juveniles were taken at day 12 posthatch as half broods from eight marsh tit and four blue tit clutches and hand-raised until day 35 (nutritional independence).
The birds were housed individually indoors (10: 14 L:D cycle) in wire cages measuring 0.44 m wide X 0.77 m long X 0.44 m high and divided into groups. The birds from each group were matched for weight and clutch and were exposed to different kinds of behavioral experience as summarized in Table 1 . There were eight groups, each consisting of six individuals. The six experienced groups received daily trials on the onetrial associative memory task in which the birds obtained a reward in phase II by returning to the feeder where they had eaten part of the reward 20 min earlier in phase 1. In the visible version, peanut was visible in phase 1 whereas in the hidden version peanut was hidden in phase 1; in both versions peanut was hidden in phase 2 to test for memory in relocating the partially eaten food (Clayton and Krebs, 1994b) . The two control group also received daily trials which were identical to those of the experienced groups except that none of the feeders contained food and there was a bowl containing powdered peanut on the floor which the birds could eat. Thus, the birds flew and perched on the feeders but did not search in them because none of the feeders were baited. The duration of the two phases for the control groups were matched with those for the experienced groups. E$erimental environment.
Birds were tested individually in a room, 3.5 X 2.0 X 2.8 m high, and observed through a one-wav Plexielas window. The room contained seven "peanut feeders" (cebs et-al., 1990) which were hung from plastic mesh screens measuring 1 X 2 m attached to two adjacent walls of the room. Each peanut feeder consisted of a wooden block measuring 9.0 X 4.0 X 15.0 cm high with a sloping top. In the center of the face of each wooden block there was a hole 0.5 cm diameter X 0.5 cm deep which could contain a piece of powdered peanut. This hole could be covered by a knot at the end of a short piece of string attached to the block to prevent the birds from seeing the food without first removing the knot (Clayton, 1992a ; Hampton and Sherry, 1994); 4 cm below the hole there was a perch, 5.5 cm X 0.9 cm diameter, on which the bird could perch and examine the contents of the hole. The birds readily learned to pull the knot of string away from the hole to inspect the contents on trials when the food was hidden. Each feeder was made visually unique on every trial by addition or removal of colored adhesive paper shapes drawn from a very large pool. Although individual shapes were used on more than one occasion, the combinations were unique. For each trial, the location of the feeders was chosen at random from 400 possible coordinates on the two mesh walls (the array always included both walls) so that both spatial and object-specific site cues were trial-unique (Brodbeck et al., 1992; Brodbeck, 1994; Clayton and Krebs, 1994a) . The floor was swept between each phase and trial to ensure there were no extraneous pieces of food in the test room.
Training.
To ensure that all birds were familiar with the environment prior to the experiment all birds were given exposure to peanut feeders and the testing room for the period between fledging and independence (days 21-34). During the initial familiarization stage (days 21-27), birds were let into the room for 20 min daily. There was one feeder which hung on one of the walls. The birds also were given a feeder in their home cage and this was changed daily. In the control groups the feeders were not baited whereas in all the experienced groups the feeders contained powdered peanut which was either visible (MV, BV, and MSV) or hidden by the string knot (MH, BH, and MSH). During the second stage of training (days 2X-34), seven feeders were placed in the room. For control birds the feeders were never baited but a bowl of powdered peanut was placed on the floor so that the birds could eat. For experienced birds, all seven feeders contained powdered peanut. Once the birds had learned to visit sites containing food, only one site was rewarded on each trial. Trial-unique sites were introduced at this stage for both experienced and control groups. Undissociated trials. Each trial consisted of two phases, separated by a retention interval of 20 min. In phase I, the bird searched for powdered peanut in one of seven sites and was allowed to eat for 10 set after finding the peanut. Feeding was interrupted by opening the trap door of the home cage and turning off the lights in the room so that the bird would fly back into its home cage. In phase 2, the bird was allowed back in to the room where the remainder of the powdered peanut was hidden in the site where it had been found in phase I. A bird with perfect memory should return immediately to the site where it had partially eaten the peanut in phase 1 without looking in any other sites, whereas a bird searching at random without revisiting should find the peanut on average on the fourth visit (Healy and Krebs, 1992) . The total number of visits, excluding revisits, (which were very rare) that each bird made to find the peanut was recorded in both phases of each trial. A visit was recorded when the bird perched on the feeder and inspected the contents of the hole by moving the string knot which covered the hole. All individuals were given one trial per day and the order of testing on each day was randomized.
Dissociation trials differed from undissociated trials only in phase II of the experiment. During the retention interval of 20 min, the contents of the baited feeder were removed and the feeder was swapped with one of the other six feeders used in phase I (chosen at random). The feeders were adjusted by covering the holes with string knots, and the bird was allowed back in the room. Thus, in phase II dissociated trials differed from undissociated trials in two ways: (1) there was no reward; (2) the spatial location of two of the feeders had been exchanged so that the previously baited feeder had the correct object-specific decoration but incorrect spatial location with respect to phase I of the trial. Therefore, in dissociation trials the bird was forced to chose between the spatial and object-specific cue. The order in which the seven feeders were visited in phase II of each trial was recorded. Birds that relied on spatial information should have returned to the feeder in the correct spatial location first whereas those that relied more heavily on objectspecific cues around the feeder should have looked first in the feeder with the correct object-specific cues. If the birds did not remember which feeder contained peanut in phase I they should search randomly in the seven feeders.
Groups.
The experiment was divided into two stages according to age of the birds (Table 1) . Two groups of six marsh tits and two groups of six blue tits were tested daily on the one-trial associative memory task in both stages of the experiment. One group of each species was tested on the hidden version (MH and BH), the other two groups were tested on the visible version of the task (MV and BV). A third group of six birds of each species served as age controls (MC and BC). The two stages were separated by a gap of 56 d, during which the birds were exposed to their appropriate behavioral trials once a week. The gap was included so that the second stage was carried out at the time when wild birds would be at their autumn peak in storing. In order to control for differences in hippocampal volume that might have arisen from the food-storing species storing pieces of nut in their home cages, all six groups (MH, BH, MV, BV, MC, and BC) were maintained on a powdered diet throughout the experiment which consisted of finely ground Orlux, peanut, and sunflower seeds. The other two groups of marsh tits, were housed outside in aviaries measuring 1.7 m wide X 4.85 m long X 2.55 m high and were provided with Orlux, pieces of peanut and sunflower seeds which they could store and retrieve during stage I of the experiment. They were then housed indoors in individual cages and in stage II of the experiment they received either the hidden (MSH) or visible (MSV) version of the one-trial associative memory task in stage II. These two groups were given Orlux, pieces of peanut and sunflower seeds rather than finely powdered food in their home cages so that they could continue to store and retrieve caches in their home cages. To control for the effect of eating and handling seeds, all groups of birds were given one piece of peanut and one sunflower seed every day at the end of the daily trials. In addition, all the birds were given five wax moth larvae. Typically, marsh tits begin to store food items once they have eaten two or three seeds and in order to minimize the possibility that the birds might attempt to store, these food items were given individually to each bird at about half-hourly intervals during the day.
In the experienced groups, birds were given a block of twenty acquisition trials followed by a dissociation trial in which the array of feeders was transformed in phase II to test whether the birds preferred to rely on spatial position or object-specific cues to solve the task. Groups MH, MV, BH, and BV received five dissociation trials on day 55, 65, 75, 85, 95 in stage I and all six experienced groups (MH, MV, BH, BV, MSH, and MSV) received three dissociation trials on day 172, 182, 192 in stage II. Between each dissociation trial the birds were given retraining trials to reach criterion and then five undissociated trials Thus, there were four blocks of undissociated trials in stage I and two blocks in stage II.
Four birds from each group were sacrificed at the end of the experiment (day 192) to test for volumetric differences in the hippocampus. In addition to the 32 brains derived from these treatments, eight marsh tits and three blue tits were sacrificed at day 2X posthatch to provide a baseline measure of relative hippocampal volume before the experiment began. In addition, four wild caught blue tits (>l year) were housed individually indoors under the same conditions and sacrificed at the end of the experiment. Comparison of these wild-caught birds with controls of the same species allows a test of whether or not there is a deprivation effect resulting from the control treatment.
To place the timing of the two experimental stages in the context of the overall life-span of the birds, note that before the first stage (day 35) the birds are fully grown but have not reached sexual maturity. By the start of the second stage (day 152), the birds have molted into adult plumage and are fully sexually mature. The two stages cover more than a third of the average expected life-span of an 11 gm bird such as the marsh tit or blue tit.
Neuroanatomical preparations.
Brains were treated in an identical way to control for effects of shrinkage. At the end of the experiment, birds were given a lethal intraperitoneal overdose of sodium pentobarbitone and perfused transcardially with heparinized physiological saline followed by Zamboni's solution. The brains were postfixed in Zamboni's solution for seven days. The brains were cut as 15 pm coronal sections that had been embedded in polywax. Every tenth section was stained with cresyl violet. The volume of the hippocampal region and the remainder of the telencephalon were traced from the sections using a 10X photographic enlarger. The traced outlines were digitized using a HIPAD digitizer and the volumes of the hippocampus and telencephalon (minus hippocampus) were computed using the formula for a truncated cone (e.g., Krebs et al., 1989; Clayton and Krebs, 1994~) . The ectostriatum was also measured as a control region to test whether or not any volumetric changes occur throughout the telencephalon. All measurements were done blind.
Results
Performance on the one-trial associative memory task Number of looks to find the seed in phase 2 in undissociated trials.
Performance was measured in terms of the number of sites a bird visited to find the peanut in phase 2 of a trial. For simplicity, Figure 1 , a and b, show the mean values per group summed across blocks of five trials in the two stages of the experiment for the hidden and visible versions of the task, respectively. Random search is represented by the horizontal line. Performance was compared with random by analyzing the distributions of the number of looks to find the peanut in phase II using the G statistic (see Brodbeck, 1994) . The advantage of the G statistic is that the results of numerous G tests can be summed and the degrees of freedom can be partitioned so that the effects of individual birds (heterogeneity G) can be separated from the overall difference from chance (pooled G). In both hidden ( Fig.   la) and visible ( Fig. 1 b) treatments birds made significantly fewer visits in phase 2 than expected by chance (G tests all p < 0.05 for total G, heterogeneity G p > 0.05, and pooled G p < 0.05).
Performance in phase 1 should differ between the two treatments because in the visible treatment, birds should fly straight to the feeder to eat peanut whereas in the hidden treatment they should search at random until they find the feeder containing the hidden peanut. In phase 1 of the visible treatment, all three groups differed significantly from random search, most individuals finding the peanut on the first look (G tests all p < 0.05 for total G, heterogeneity G p > 0.05, and pooled G p < 0.05).
In phase 1 of the hidden treatment, birds did not differ significantly from random expectation (G tests all p > 0.05 for total G, heterogeneity G p > 0.05, and pooled G p > 0.05).
The number of looks to find the peanut in phase II decreased over the first twenty acquisition trials for all four experienced groups in stage I [note that some birds did not complete all twenty trials]. Marsh hidden (MH), r2 = 0.489, F = 11.571, df = 1,16, p < 0.01; blue hidden (BH), r2 = 0.763, F = 12.557, df = 1,9, p < 0.01; marsh visible (MV), r2 = 0.466, F = 15.708, df = 1,18, p < 0.001; blue visible (BV), r2 = 0.731, F = 32.607, df = 1,12, p < O.Ol]. However, there was no significant increase in performance over the first twenty acquisition trials for the two groups of marsh tits that did not experience the task until stage II (MSH and MSV), and it can be seen from Figure  1 that these two groups made fewer looks to find the peanut in phase II than did the four experienced groups that were tested in stage I, as shown by the first four data points. After the acquisition trials, however, there were no further increases in performance for the subsequent four blocks of control trials in stage I for groups MH, BH, MV, and BV and for the two blocks in stage II for all six experienced groups (p > 0.5 in all six cases). Figure 1 . Performance on the one-trial associative memory task for undissociated trials. Mean values summed across blocks of five trials per group of the number of sites visited in phase 2 to find the remaining piece of peanut that had been found in phase 1. a, In the "visible" version of the task the peanut was visible in phase 1 and hidden in phase 2. Marsh tits trained and tested on the visible version of the task in both stages of the experiment (MV, solid squares); blue tits trained and tested on the visible version of the task in both stages of the experiment (BV, open circles); marsh tits that had had previous experience of storing and retrieving food and subsequently were trained and tested on the visible version of the task in stage II (MSV, crossed squares). b, In the "hidden" version it was hidden in both phases. Marsh tits trained and tested on the hidden version of the task in both stages of the experiment (MH, solid squares); blue tits trained and tested on the hidden version of the task in both stages of the experiment (BH, open circles); marsh tits that had had previous experience of storing and retrieving food and subsequently were trained and tested on the hidden version of the task in stage II (MSH, crossed squares).
In order to examine how the groups differed with respect to overall memory performance, the results were analyzed using an analysis of variance on log transformations of the data: the mean number of visits to find the seed in phase 2 for each block of undissociated trials in stage I (n = 4) and II (n = 2) of the experiment formed the dependent variable, and task version (hidden vs visible) split by group (marsh, blue, food-storing marsh) were the independent variables. In both stages of the experiment, there was a significant effect of task version and task X group (stage I: task version, F = 47.763, df = 1,86 p < 0.001; task X group, F = 25.536, df = 1,86, p < 0.001; stage II: task version, F = 13.122, df = 1,59, p < 0.001; task X group, F = 7.222, df = 2,59, p < 0.001) but no significant effect of trial, group or trial X group (p > 0.1 in each case).
This result shows that the task version differed and that the difference between species was more marked in one version than in the other version of the task. Inspection of Figure 1 suggests that these effects arise because marsh tits do better than blue tits (fewer visits to find the seed) in the hidden treatment, irrespective of whether or not they have had experience of storing and retrieving food.
Discrimination
between rewarded, unrewarded, and not visited sites in phase 2 in undissociated trials. In order to test the hypothesis that juvenile food-storing species differ from nonstoring species in the way they behave towards "unrewarded" sites, the proportion of the total number of looks each bird made to these three types of site was calculated for each trial in the hidden version of the task. However, since birds may differ in the number of looks they make on different trials, performance based on the total number of looks in phase 2 may bias the results (Shettleworth and Krebs, 1982) because each bird can only visit one "rewarded" site but from zero to several "unrewarded" and "not visited" sites. Thus, for example, a trial in which the seed is found on the first look in phase 2 has a zero probability of visiting unrewarded and not visited sites, while a trial with six looks before finding the seed has greater than zero values for one or both these categories. To take this problem into account, the observed proportions of looks to each type of site were compared with random expectation (see Clayton, 1992b; Clayton and Krebs, 1992) . Figure 2 , a and b, shows the corrected proportion of looks to each type of site in phase 2. For clarity the data presented in the figures are the mean values per group summed across blocks of five trials for the hidden (Fig. 2a) and visible (Fig. 2b) versions of the task. The proportion of visits to rewarded sites increased gradually over the first 20 acquisition trials for group MH, while the proportion of visits to unrewarded sites gradually decreased. During the first 10 acquisition trials rewarded and unrewarded sites were visited with equal probability. In contrast, the birds in group MSH that had had previous experience of storing and retrieving caches, and were tested on this task 117 d later, made a greater proportion of visits to rewarded sites than to the other two classes of site throughout the acquisition trials.
The data were analyzed with an analysis of variance using arc sin square root transformations of the data: the mean corrected proportion of looks to each type of site for each block of undissociated trials in stage I (n = 4) and II (n = 2) of the experiment formed the dependent variables in each ANOVA, and task version (hidden vs visible) split by groups (marsh, blue, food-storing marsh) were the independent variables. For rewarded sites, there was a significant effect of task version and task X groups in (stage I, F = 4.299, df = 1,21, p < 0.05 for task version, F = 9.215, df = 1,21, p < 0.01 for task X group, and post hoc tests show that group BH was significantly different from the other five groups, Fisher PLSD, all p < 0.05. In stage II, F = 3.666, df = 1,3Op < 0.01 for task version, F = 3.527, df = 2,30, p < 0.05 for task X groups) but no significant effect of trial (all p > 0.05). For unrewarded sites, there was a significant difference between the groups on the hidden version of the task (stage I: F = 5.477, df = 1,21, p < 0.05; post hoc tests show that group BH was significantly different from the other two groups, Fisher PLSD, all p < 0.05; stage II: F = 3.807, df = 2,30, p < 0.05). For not visited sites, there were no significant effects @ > 0.05 for all comparisons).
Of the three groups that were tested on the hidden version of the task (MH, BH, MSH), the following results were obtained. Marsh tits that had experience of food storing and retrieval (MSH) did not differ from marsh tits that had only been tested on the one-trial associative memory task (MH). However, both trained and tested on the hidden version of the task in both stages of the experiment and marsh tits that had had previous experience of storing and retrieving food and subsequently were trained and tested on the hidden version of the task in stage II (KW, crossed). b, Performance on the visible version of the task for marsh tits (MV, solid) and blue tits (BV, open) trained and tested on the visible version of the task in both stages of the experiment (BV) and marsh tits that had had previous experience of storing and retrieving food and subsequently were trained and tested on the visible version of the task in stage II (MN, crossed).
groups of marsh tits differed significantly from blue tits (BH) in the way that they discriminated between the classes of sites in stage II: marsh tits make a significantly higher proportion of looks than do blue tits to rewarded sites, a smaller proportion to unrewarded sites, and there is no difference for not-visited sites. Since, the visible version of the task does not test the bird's ability to distinguish between rewarded and unrewarded sites, this species difference in the way they distinguish between categories of site would also explain why marsh tits make fewer looks to find the peanut than do blue tits on the hidden version, but not on the visible version. Dissociation trials. Memory performance is shown in Figure  3 for each group as the mean percentage of visits to the feeder that was in the correct spatial location and the correct objectspecific cue on the lst, 2nd, 3rd, 4th, 5th, 6th, and 7th visit (excluding revisits) in phase II of each trial for each of groups MH, MV, BH, and BV (Fig. 3a-d) . Figure 4 shows the same The Journal of Neuroscience, April 1995 , 15(4) 2801 analysis for the data in stage II for groups MH, MV, BH, BV, MSH, and MSV ( Fig. 4a-f ), respectively. All groups differed significantly from random search, because they tended to visit the feeder in the correct spatial location and the feeder with the correct object-specific cues before visiting the other five feeders (G tests for both spatial and object-specific cues all p < 0.05 total; heterogeneity G not significant p > 0.05; pooled G significant in all cases with p < 0.05). This suggests that all groups remembered both the location and the specific cues associated with the feeder that had contained peanut in phase I.
Performance in phase II of the dissociation tests was analyzed further by calculating the mean percentage of visits that each bird made to the feeder that was in the correct position on the first visit, correct position on the second visit, correct objectspecific cue on the first visit, correct object-specific cue on the second visit for the two stages of the experiment (five trials in stage I, three trials in stage II). In total there were eight anovas on the log transformed data, with trial as a repeated measure and species as a between subjects factor. In stage I, there was no significant effect for any of the four anovas (correct position, correct object-specific cues on 1st and 2nd visit, all p > 0.1). This suggests that the birds in all four groups showed an equal preference for the feeder that was in the correct position and the feeder with the correct object-specific cues. The only significant effects were found in stage II for the percentage of visits that each bird made to the feeder that was in the correct position on the first visit (groups, F = 13.2465, df = 2,6, p < 0.01 and post hoc comparisons showed that food-storing marsh tits showed a significantly greater preference to return first to the feeder in the correct position than did blue tits and marsh tits that had not had experience of storing and retrieving food, p < 0.05, Fisher PLSD).
In order to control for differences in absolute performance between the groups, the data were also analyzed in terms of the number of trials in which each bird preferred to visit the feeder in the correct spatial position before visiting the feeder with the correct object-specific cues. A Kruskal Wallis analysis of variance gave no significant differences between the four groups in stage I (H = 5, df = 3, p > 0.1) but significant differences between the six groups in stage II (H = 14, df = 5, p < 0.05). These differences arose because marsh tits that had had no experience of storing and retrieving caches (MH and MV) and blue tits (BH and BV) visited the feeder in the correct spatial position visited before that with the correct object-specific cues on about 50% of trials; for the other 50% of trials, the two feeders were visited in the reverse order. In contrast, marsh tits that had had food-storing experience (MSH and MSV) preferred to return to the feeder in the correct spatial location first.
Experience-dependent changes in hippocampal volume
The results of the volumetric analysis of the brains are illustrated in Figure 5a -c which shows hippocampal volume plotted against telencephalon volume. Following the methods used in previous studies (see Clayton and Krebs, 1994c) , volume measurements were logarithmically transformed and analyzed using the residuals of a regression of hippocampal volume on body weight, body weight on telencephalon volume and hippocampal volume on telencephalon volume having removed the effects of body weight (i.e., relative hippocampal volume). A stepwise multiple regression with hippocampal volume as the dependent variable and telencephalon volume and body weight as the independent variables showed that there was a significant association between telencephalon and hippocampal volume (r2 = 0.669, F = 90.931, df = 1,45, p < 0.001) and between body weight and hippocampal volume (9 = 0.243, F = 14.431, df = 1,45, p < 0.01).
The residuals of hippocampal volume on telencephalon volume (having removed the effects of body weight) were analyzed by an analysis of variance with relative hippocampal volume as the dependent variable and species as the independent variable. There was a significant difference between the two species at day 192 (F = 19.624, df = 1,34, p < 0.001) but not at day 28 (F = 0.371, df = 1,9, p > 0.5) and it can be seen from Figure  5a -c that this arises because food-storing marsh tits aged 192 d have relatively larger hippocampal volumes than do blue tits of the same age and day 28 juveniles of either species. In 192 d old marsh tits, experienced groups show an increase in relative hippocampal volume compared with the control group that had had no experience of either food-storing or the one-trial associative memory task (F = 6.375, df = 4,15, p < 0.01). Post hoc comparisons using Fisher PLSD show that the difference arises because birds in the control group have significantly smaller relative hippocampal volumes than those of marsh tits in any of the four experienced groups (MC vs MH, p < 0.01, MC vs MV, p < 0.01, MC vs MSH, p < 0.01, MC vs MSV, p < 0.001). There is no difference between marsh tits that had food-storing experience prior to the one-trial associative memory tests and those that did not, nor is there any significant difference between the two versions of the task p > 0.05 in each case). In 192 d old blue tits there are no significant differences between the groups (F = 0.845, df = 3,12, p > 0.05) which suggests that growth of the hippocampus is not triggered by experience on the one-trial associative memory task in blue tits. Since the wild-caught blue tits did not differ from controls of the same species in relative hippocampal volume, this suggests that deprivation does not affect hippocampal size in blue tits. It also seems unlikely that the smaller size of the hippocampus in control marsh tits can be attributed to an effect of deprivation per se.
The analysis in Figure 5a -c showed that food-storing and onetrial associative memory experience did not induce general growth of the telencephalon, because values were expressed relative to the telencephalon as a whole and because there were no significant differences between the groups in overall telencephalon volume (blue tits, day 192, F = 0.358, df = 3,12, p > 0.5; marsh tits, day 192, F = 0.658, df = 4,15, p > 0.5; Juveniles, day 28, F = 2.191, df = 1,9, p > 0.1). The differences arose because experienced marsh tits had larger hippocampal volumes than did control marsh tits, blue tits or day 28 old juveniles of either species (day 28 marsh tits versus blue tits, F = 0.631, df = 1,9, p > 0.1; day 192 marsh tits versus blue tits, F = 40.705, df= 1,34, p < 0.001; blue tits, day 192, F = 0.350, df = 3,12, p > 0.5; marsh tits, day 192, F = 5.087, df = 4,15, p < 0.01).
As a further check of the specificity of the effect on the hippocampal region, an analysis identical to that for the hippocampus was carried out on ectostriatum, a telencephalic nucleus similar in size, and not directly connected, to the hippocampal region (Szekely and Krebs, 1993) . Ectostriatum is a visual nuVisit no. centage of trials per group in which birds visited the feeder that was in the correct spatial location (solid columns) and the correct object-specific cue (hatched columns) on the 1st 2nd, 3rd, 4th, 5th, 6th, and 7th visit (excluding revisits) in phase II of each trial for stage II of the experiment. Random search is indicated as the hon'zontal line. a, Marsh tits trained and tested on the hidden version of the task (MH); b, blue tits trained and tested on the hidden version of the task (BH); c, marsh tits that had had previous experience of storing and retrieving food and subsequently were trained and tested on the hidden version of the task (MSH); d, marsh tits trained and tested on the visible version of the task (MV); e, blue tits trained and tested on the visible version of the task (BV); f, marsh tits that had had previous experience of storing and retrieving food and subsequently were trained and tested on the visible version of the task (MSV).
cleus receiving afferents via the tectofugal pathway, and is considered to be equivalent to the mammalian peristriate cortex (Benowitz, 1982) . A stepwise multiple regression with ectostriatum volume as the dependent variable and telencephalon volume and body weight as the independent variables showed no significant association between telencephalon and ectostriatum volume (r2 = 0.053, F = 2.520, df = 1,45, p > 0.50) or between body weight and ectostriatum volume (r* = 0.063, F = 0.181, df E 1,45, p > 0.10). The residuals were analyzed by an analysis of variance with relative ectostriatum volume as the dependent variable and species split by age (day 28 vs day 192) as the independent vai-iable. There was no significant difference in relative ectostriatum volume between the two species at day 28 (F = 1.124, df = 1,9, p < 0.1) or at day 192 (F = 0.303, df = 1,34, p > OS), supporting the conclusion that the effect of experience is specific to the hippocampal region.
Discussion
Summary of results. The main results for the ontogeny of memory differences between food storers and non-storers were as follows. (1) Performance increased (fewer visits to find the peanut) over the first 20 acquisition trials for all four experienced groups in stage I. However, there was no significant increase in performance for the two groups of marsh tits that did not experience the task until stage II (MSH and MSV), nor any further increase in performance for groups MH, BH, MV, and BV in stage II. The two groups that did not experience the task until stage II and had previously had food-storing experience (MSH and MSV), performed better than groups MH, MV, BH, and BV on the acquisition trials. (2) In undissociated trials, there were no differences between the groups in performance on the visible version of the task. However, marsh tits did better than blue tits in the hidden treatment, irrespective of whether or not they have had experience of storing and retrieving food. This difference arose because marsh tits made a significantly higher proportion of visits than did blue tits to rewarded sites, a smaller proportion to unrewarded sites, and there was no difference for not-visited sites. (3). In dissociation trials, marsh tits with food-storing experience preferentially responded to spatial cues when position and object cues were separated by transforming the array. However, marsh tits that had not had experience of storing and retrieving caches responded equally to both kinds of cue, as did blue tits.
The key results for the ontogeny of volumetric differences between marsh tits and blue tits in brain regions were as follows.
(1) Food-storing marsh tits aged 192 d had relatively larger hippocampal volumes than did blue tits of the same age and day 28 juveniles of either species. (2) In 192 d old marsh tits, experienced birds had larger relative hippocampal volumes than control birds. There was no difference in relative hippocampal volume of marsh tits that had food-storing experience prior to the one-trial associative memory tests and those that did not, nor was there any significant difference between the two versions of the task on relative hippocampal volume. (3) In 192 d old blue tits there were no significant differences between the groups. (4) There was no significant difference between species, groups, or task version of the relative volume of the ectostriatum. Acquisition of memory. The first objective of this study was to test whether the observed differences between adult foodstoring and nonstoring species in performance on the memory tasks are apparent in the juveniles. In stage I, performance increased (fewer visits to find the peanut) over the first 20 acqui- and blue tits that were trained and tested on either the hidden (EJH, open squares) or visible (BV, solid squares) versions of the one-trial associative memory task both stages of the experiment. marsh tits that were given food-storing ex-sition trials for all four experienced groups but there was no significant increase in performance for the two groups of marsh tits that did not experience the task until stage II (MSH and MSV). Furthermore, The two groups that did not experience the task until stage II and had previously had food-storing experience (MSH and MSV), performed better than groups MH, MV, BH, and BV on the acquisition trials. These results suggests that the ability to remember the location of food encountered previously increases over the first few trials after nutritional independence and that the increase in memory performance follows a similar time course to that of memory for cache sites in that it occurs gradually over a period of about twenty days (Clayton, 1992a (Clayton, , 1994 . It has been suggested that food-storing memory increased largely as a result of experience (Clayton, 1994) but it was not possible to distinguish between the effects of maturation (age) and food-storing experience for performance on the one-trial associative memory task because groups MSH and MSV differed from groups MH and MV in two respects: they were both older and had had experience of storing and retrieving their caches. Species differences in memory. The species differences in performance found in both normal and dissociation trials in this experiment are consistent with those found in previous studies on wild-caught adult marsh tits and blue tits (Clayton and Krebs, 1994a,b) . In undissociated trials, there were no differences between the experienced groups in performance on the visible version of the task. However, marsh tits did better than blue tits in the hidden treatment, irrespective of whether or not they have had experience of storing and retrieving food. This difference arose because marsh tits made a significantly higher proportion of looks than did blue tits to rewarded sites, a smaller proportion to unrewarded sites, and there was no difference for not-visited sites. Since, the visible version of the task does not test the bird's ability to distinguish between rewarded and unrewarded sites, this species difference in the way they distinguish between categories of site would also explain why marsh tits make fewer looks to find the peanut than do blue tits on the hidden version, but not on the visible version. Thus, the results suggest a difference in memory between the storing and nonstoring species: marsh tits are capable of more subtle discrimination among sites than are blue tits.
The ability to discriminate between rewarded and unrewarded sites does not appear to depend upon food-storing experience since there were no significant differences between the performance of the two marsh tit groups, MH and MSH, in the blocks of trials in stage II. However, the two groups differed during acquisition trials. It can be seen in Figure 2 that the proportion of visits to rewarded sites increased gradually over the first 20 acquisition trials for group MH, while the proportion of visits to unrewarded sites gradually decreased, and that during the first 10 acquisition trials rewarded and unrewarded sites were visited with equal probability. In contrast, the birds in group MSH that had had previous experience of storing and retrieving caches made a greater proportion of visits to rewarded sites than to other classes of site throughout the acquisition trials. One possible explanation for these results is that the ability to discriminate between rewarded and unrewarded sites increases with age. An alternative explanation is that experience acquired during food-storing may be sufficiently similar to that acquired during training on the one-trial associative memory task so that either type of experience allows development of the ability to preferentially return to the rewarded site. Moreover, it is not known when the volumetric increase in hippocampal volume occurs, but it is possible that the increase in proportion of visits to rewarded sites is associated with an increase in hippocampal volume. Further experiments are required to test when the volumetric increase in hippocampus occurs and whether or not it occurs before or after the onset of food storing.
Food-storing experience and memory. In dissociation trials, marsh tits with food-storing experience preferentially responded to spatial cues when position and object cues were separated by transforming the array, whilst the blue tits responded equally to both kinds of cue, which is consistent with previous experiments comparing adult, wild-caught food-storing and nonstoring species (e.g., Brodbeck, 1994; Clayton and Krebs, 1994a) . However, marsh tits that had had no experience of storing and retrieving caches responded equally to both kinds of cue rather than showing the preference for spatial position that is typical of food-storing birds. Given the finding that marsh tits that had had no opportunity to store and retrieve food did not differ from those that had on undissociated trials, it might seem surprising that marsh tits with no food-storing experience behaved more like the nonstorers on the dissociation trials. These results suggests that the tendency to respond preferentially to spatial cues is acquired as a result of storing and retrieving food. Furthermore, there was no change in preference over the series of dissociation trials in stage I and II which suggests that the preference for spatial cues is experience dependent, rather than maturation or inherent species bias.
One possible adaptive explanation for the emphasis that foodstorers place on spatial position is that object-specific cues are more prone to change (e.g., due to snowfall or dieback of vegetation in winter) between storage and retrieval of food than is spatial location. By relying on spatial position, storers are able to retrieve their hoards even when object-specific cues have changed (Bennett, 1993; Brodbeck, 1994) . It should be noted that the lack of preference for spatial cues does not necessarily mean that the marsh tits that had had no food-storing experience were worse that experienced food storers on spatial tasks. Further experiments are needed to resolve this issue in which birds are tested in a paradigm in which the task can only be solved using spatial cues (Clayton, unpublished observations) .
Species differences in relative hippocampal volume. The second objective of this experiment was to test whether or not the volumetric changes in relative hippocampal size could be triggered by training birds on the one-trial associative memory task rather than by experience of food storing and retrieval and, if so, whether or not the changes in hippocampal volume could also be detected in a species that does not store food. The results showed that in the food-storing species, experienced marsh tits aged 192 d had relatively larger hippocampal volumes than did blue tits of the same age and day 28 juveniles of either species. This is consistent with previous results on the development of the hippocampus in marsh tits and blue tits Healy et al., 1994) .
In the nonstoring blue tits, there were no significant differences between the groups which suggests that growth of the hippocampus is not experience-dependent in nonstorers. By contrast, in food-storing marsh tits, experienced marsh tits (MH, MV, MSH, MSV) had larger relative hippocampal volumes than did control birds of the same age that had not been tested on either food storing or the one trial associative memory task. This suggests that hippocampal growth is experience dependent in marsh tits but not in blue tits. However, in marsh tits that were trained on the one-trial associative memory test (groups MH, MV, MSH, and MSV), there was no difference in relative hippocampal volume between birds that had food-storing experience prior to the one-trial associative memory tests and those that did not, nor was there any significant difference between the two versions of the task on relative hippocampal volume. This suggests that the volumetric changes in relative hippocampal size can be triggered by some aspect of training marsh tits on either version of the one-trial associative memory task. Somewhat surprisingly, birds that were trained on the hidden version of the task did not have relatively larger hippocampal volumes than those trained on the visible version of the task; nor was there any difference in relative hippocampal volume between birds that preferred to return to the correct spatial location in dissociation trials. Further experiments are in progress in order to determine more precisely the nature of the experience required to trigger hippocampal growth.
It has been argued that growth of the hippocampus is associated with some aspect of experience of food-storing (and/or one-trial associative memory) rather than a general effect of enrichment because experience did not induce general growth of the telencephalon and because there was no significant difference in relative volume of the ectostriatum . However, in the study by Clayton and Krebs (1994~) it could be argued that the difference between experienced and control birds was the result of an overall effect of deprivation on controls rather than a lack of food-storing experience. The wild-caught blue tits in this experiment provide an important test of this hypothesis. Since their relative hippocampal volumes did not differ from those of controls of the same species, this suggests that deprivation does not affect hippocampal size in blue tits. Therefore, the smaller size of the hippocampus in control marsh tits is unlikely to be an effect of deprivation per se.
Previous studies have shown that the developing brain of both birds and mammals, including the mammalian hippocampal region, is plastic in response to specific kinds of sensory input or experience and to hormonal influences but the present results are unique in having the following combination of features . First, the effect of experience is independent of age within the range tested, in contrast to, for example, effects of visual experience on the development of the visual cortex in mammals (e.g., see Rauschecker and Marler, 1987) . Second, the effect is specific, both in terms of experience (controls and experimentals did not differ in experience other than the specific task of storing and retrieving food) and in terms of the localization of the effect (it is not a general effect as seen in effects of diverse kinds of enrichment on cortical growth in rats; Cramer, 1988) . Third, growth of the hippocampus appears to be triggered by some aspect of memory for retrieving previously encountered food in marsh tits but not in blue tits. Although further work is required to test the extent to which this is a general difference between food storers and nonstorers in hippocampal plasticity, the results might be taken to suggest that plasticity in hippocampal volume is an anatomical specialization of the food storer's brain.
